Petal senescence is a highly regulated developmental process that is controlled by multiple genes. We examined the regulation of autophagy, which has been thought to be involved in petal senescence in Japanese morning glory. Five of six isolated autophagy-related gene 8 (ATG8) homologs in Japanese morning glory, InATG8a, b, d, e, and f were highly expressed in senescing petal limbs, indicating that multiple members of the InATG8 gene family are involved in the regulation of autophagy during petal senescence. Suppressed InATG8f expression in transgenic plants altered neither autophagic activity nor petal senescence, suggesting that some members of the InATG8 gene family have redundant function in the induction of autophagy in petal senescence. It was confirmed from these findings that autophagy is induced during petal senescence in Japanese morning glory, suggesting that autophagy plays an important role in petal senescence.
Introduction
Flower longevity is one of the most important traits in determining the quality of commercial flowers. Japanese morning glory (Ipomoea nil) with its ephemeral flowers has been used in several studies on petal senescence (Kende and Baumgartner, 1974; Matile and Winkenbach, 1971; Yamada et al., 2006) . Petal senescence is a type of programmed cell death (PCD; van Doorn and Woltering, 2008) , and the petals of Japanese morning glory have been shown to display clear PCD symptoms during senescence (Yamada et al., 2006) .
Autophagy is a conserved bulk degradation system of intercellular components that generally plays a role in cell survival by recycling nutrients and removing damaged proteins in a wide range of eukaryotic species . In Arabidopsis thaliana, autophagy has been shown to have a role in delaying PCD during leaf senescence, as loss-of-function mutants in autophagy display accelerated leaf senescence (Bassham et al., 2006) . In senescing petals of common morning glory (Ipomoea purpurea), Matile and Winkenbach (1971) observed numerous vesicles and cytoplasmic components in the vacuoles by electron microscopy, indicating autophagic processes. We recently showed that the percentage of cells containing autophagic structures increases in senescing petals of Japanese morning glory, suggesting that autophagic activity increases during petal senescence (Shibuya et al., 2009b) . It has been reported that treatment with an autophagy inhibitor, 3-methyladenin, accelerates petal senescence of detached Japanese morning glory flowers (Yamada et al., 2009) . Furthermore, the reduced expression of InPSR26, a putative membrane protein, resulted in reduced autophagic activity and accelerated petal senescence in Japanese morning glory (Shibuya et al., 2009b) . These results suggest that autophagy plays a role in delaying PCD during petal senescence (Shibuya et al., 2009a) .
In autophagy, proteins of the cytosol are encapsulated in vesicles called autophagosomes and then transported to vacuoles/lysosomes for degradation (Ohsumi, 2001) . Several homologs of budding yeast (Saccharomyces cerevisiae) autophagy-related genes (ATG) have been 90 isolated in A. thaliana (Doelling et al., 2002; Hanaoka et al., 2002) . One of the ATG proteins, ATG8, is an ubiquitin-like peptide tag which is necessary for autophagosome formation (Ohsumi, 2001) . ATG8 is conjugated to phosphatidylethanolamine (PE) on an autophagosomal membrane via an amide bond between the carboxyl terminal glycine (Gly) of ATG8 and PE. Previous studies have shown that AtATG8 mRNA levels increase in senescing leaves of A. thaliana (Doelling et al., 2002; Yoshimoto et al., 2004) , suggesting that ATG8 is involved in the regulation of autophagy in leaf senescence. It has been shown that the A. thaliana genome encodes nine ATG8 isoforms (AtATG8a-i; Doelling et al., 2002; Hanaoka et al., 2002) and that their corresponding genes are expressed differently in distinct tissues, suggesting that the AtATG8 isoforms serve multiple non-redundant functions (Slavikova et al., 2005; . We previously reported that the transcript level of an ATG8 homolog of Japanese morning glory increases during petal senescence (Shibuya et al., 2009b; Yamada et al., 2009) . However, the molecular mechanisms regulating autophagy in petal senescence remain largely unknown.
In this study, we isolated five additional ATG8 homologs in Japanese morning glory and examined their expression profiles to gain a better understanding of the molecular mechanisms regulating autophagy in petal senescence. Furthermore, we produced transgenic plants with reduced expression of an ATG8 homolog to determine its function and to examine the possibility of manipulating petal senescence.
Materials and Methods

Plant Materials
Seeds of Japanese morning glory (Ipomoea nil 'Violet') were planted in soil in 12-cm pots and fertilized with 1 g·L −1 Hyponex 15-30-15 (Hyponex Japan, Osaka, Japan) once a week. Plants were grown for 1 month in a growth chamber at 24°C, 70% relative humidity in a 16/8-h (light/dark) photoperiod at 100 μmol·m −2 ·s −1
PPFD with white-fluorescent lamps. The photoperiod was then changed to a 12/12-h (light/dark) cycle to induce flowering. We designated the onset of the light period as time 0 (t0), as described by Yamada et al. (2007) . Flowers were still closed at t-6, started opening at about t-3, and were almost fully open at t0. Wilting and inward rolling of the petals was observed to start between t9 and t12. Inward rolling proceeded until most of the corolla had shriveled together (later than t24). This was followed by petal desiccation.
Identification of ATG8 homologs in Japanese morning glory To identify the ATG8 homologs of Japanese morning glory, a BLAST search was performed on the Japanese morning glory expressed sequence tag (EST) database of the National BioResource Project, Japan, using sequences of A. thaliana ATG8 genes (AtATG8a, At4g21980;
AtATG8b, At4g04620; AtATG8c, At1g62040;
AtATG8d, At2g05630; AtATG8e, At2g45170;
AtATG8f, At4g16520; AtATG8g, At3g60640;
AtATG8h, At3g06420; AtATG8i, At3g15580). cDNA clones of Japanese morning glory ESTs were acquired from the National BioResource Project and were fully sequenced.
Sequence alignment of ATG8 and phylogenic analysis by the neighbor-joining method were performed with Japanese morning glory ATG8 (InATG8), AtATG8, and budding yeast ATG8 (ScATG8; AY692870) using the ClustalW program (http://align.genome.jp).
Quantitative Real-Time Reverse Transcription-PCR
Petal limbs were collected from buds at 12 h prior to opening (t-12) and opened flowers at 4-h intervals (from t0 to t12). Pistil, stamen, and sepal were collected from flowers at t4 and stem and root were collected from mature plants at t4. Leaves were collected from mature plants at three developmental stages: young leaf before full expansion, mature leaf after full expansion, and senescent leaf after partial yellowing. Total RNA was isolated using Trizol reagents (Invitrogen, Carlsbad, USA) and treated with cloned DNase I (Takara Bio, Otsu, Japan). Synthesis of cDNA was carried out with random hexamer primers using the SuperScript III firststrand synthesis system for reverse transcription (RT)-PCR (Invitrogen). PCR was performed using SYBR Premix Ex Taq II (Takara Bio) with the Thermal Cycler Dice Real Time System (model TP600, Takara Bio). Thermal cycling conditions were 95°C for 10 s followed by 40 cycles of 95°C for 5 s and 60°C for 30 s. Primers for real-time RT-PCR were designed to target the 3'-untranslated region of target genes with the Primer3 program ( Table 1 ). The gene specificity of each primer was confirmed by real-time PCR using plasmids subcloned from each full-length cDNA as a template (data not shown). Relative transcription levels were calculated by normalizing the transcript levels of the target genes to Actin 4 within each sample and reporting the mean ± SE for analysis of three separate samples, as described by Yamada et al. (2007) .
Production of Transgenic Plants
Transgenic plants with reduced expression of InATG8f were produced using the RNAi strategy. Briefly, a 274-bp segment of InATG8f cDNA spanning nucleotides 233 to 506 was cloned into pDONR201 (Invitrogen). Then, using the Gateway BP and LR clonase enzyme mix (Invitrogen), the segment was cloned into the binary transformation vector pH7GWIWG(II) containing the hygromicin resistance (Hyg) gene (Karimi et al., 2002) in antisense and sense orientations. In the resulting binary vector, pH7-ATG8f, the target segment is downstream of the cauliflower mosaic virus 35S promoter in the antisense and sense orientations and upstream of the 35S terminator. Tissue-cultured cells derived from an immature embryo of Japanese morning glory 'Violet' were transformed with pH7-ATG8f using Agrobacterium AGL0 according to the methods of Shimizu et al. (2003) and Ono et al. (2000) with modifications. Regenerated shoots were selected from independent calluses. The presence of the transgene was confirmed through PCR by amplifying a segment of the Hyg gene (data not shown). Transgenic plants were grown in the same conditions as described above for the wild-type (WT) plants. All subsequent experiments were performed on T 1 and T 2 progenies of transgenic plants.
Monodansylcadaverine (MDC) Staining of Protoplasts
Autophagy was visualized with fluorescent dye MDC staining, which has been shown to be specific to autophagic structures in plants . Preparation of protoplasts and MDC staining of protoplasts were performed as previously described (Shibuya et al., 2009b) . Briefly, protoplasts were prepared by digesting petal strips with 1.5% (w/v) cellulase and 0.2% (w/v) macerozyme (Yakult Pharmaceutical, Osaka, Japan) for 2 h at 25°C. Protoplasts were stained with a 0.05 mM MDC (Sigma, St. Louis, USA) in phosphate-buffered saline supplemented with 0.4 M mannitol for 10 min, then washed twice with phosphatebuffered saline containing 0.4 M mannitol. MDC-stained protoplasts were visualized under fluorescence microscopy (Olympus AX70, Olympus, Tokyo, Japan) with a filter for 4',6-diamino-2-phenylindole. Bright-field (light) and fluorescence images were taken with a digital color camera (DP71, Olympus). The number of protoplasts containing autophagic structures was determined as described by Xiong et al. (2005) . Protoplasts were prepared from three different samples for each time point, and at least 300 protoplasts were counted for each preparation.
Results
ATG8 gene family in Japanese morning glory
A BLAST search of the Japanese morning glory EST database identified six AtATG8 gene homologs, named InATG8a (accession number: AB544067), InATG8b (AB544068), InATG8c (AB544069), InATG8d (AB544070), InATG8e (AB544071), and InATG8f (AB544072). Among these homologs, InATG8f was identical to the previously cloned InATG8 (Yamada et al., 2009) . Phylogenic analysis of the full-length ATG8 proteins revealed that AtATG8a-g and InATGa-e cluster into one clade with 73 to 98% amino acid sequence identity (Fig. 1A) . InATG8f was grouped with AtATG8h and AtATG8i in another clade; InATG8f has 75% amino acid sequence identity with AtATG8i. All of the InATG8 members in both clades contained Gly in the carboxyl terminal region, which is conserved among ATG8 proteins (Fig. 1B) .
Expression of InATG8 homologs
Wilting and inward rolling of petals was observed to start at about 10 h after flower opening (t10) in WT Japanese morning glory. mRNA levels of InATG8a, b, d, and f were lower in the petal limbs of buds at t-12 and the mRNA levels increased after flower opening, reaching a peak at t8, and then decreasing (InATG8b, d, and f) or remaining at a high expression level (InATG8a) (Fig. 2) . The mRNA level of InATG8e reached a peak at t4 and then decreased. The level of InATG8c mRNA in the petal limbs was relatively low throughout the experimental period. mRNA levels of InATG8 homologs were determined in flower tissues and vegetative tissues of mature plants collected at t4 (Fig. 2) . Except for the petals, low InATG8a mRNA levels were detected in flower tissues and in leaf, stem, and root tissues. InATG8b, d, e, and f mRNA levels were lower in pistil, stamen, sepal, stem, and root tissues than in petal limbs. The InATG8c mRNA level was higher in pistil, sepal, and root than in petal limbs. mRNA levels for InATG8b, c, d, e, and f increased with time in senescent leaves. An increase in the mRNA level for InATG8a was also observed in senescing leaves although the levels in leaves were relatively low.
Transgenic plants with reduced InATG8f expression
We produced transgenic Japanese morning glory plants with reduced expression of InATG8f, which had previously been isolated and shown to increase during petal senescence (Shibuya et al., 2009b; Yamada et al., 2009) . A total of six independent primary transgenic lines (ATG8fR-A, -B, -C, -D, -F, and -G) having reduced expression of InATG8f in petal limbs (expression data not shown) were obtained. The primary transgenic plants did not show differences in visible senescence of flowers. In the T 1 and T 2 plants of the ATG8fR-B, -C, and -G lines, flower senescence patterns were indistinguishable from those of WT, and no morphological differences in flower organs and vegetative tissue were observed. InATG8f expression in petal limbs was significantly lower for ATG8fR-B1, -C3, and -G2 plants compared to WT plants in T 2 progeny, and was 30%, 14%, and 16% of that in WT, respectively, at t8 (Fig. 3) . Expression levels of other homologs were not reduced in the petal limbs of these plants.
Autophagy in ATG8fR transgenic plants
We examined whether the autophagic process is suppressed in ATG8fR transgenic plants. Protoplasts from the petal limbs of transgenic plants contained anthocyanins in the vacuole, indicating an epidermal cell origin (Fig. 4) , while other protoplasts did not contain anthocyanins, indicating a likely mesophyll cell origin (data not shown). MDC-stained structures were observed in protoplasts from both epidermal and mesophyll cells of WT petal limbs at t8, and although most of the structures were observed in the cytoplasm, some appeared to be present within the vacuole (Fig. 4) . MDCstained structures were also observed in protoplasts prepared from the petal limbs of ATG8fR-G2 (Fig. 4) , -B1, and -C3 (data not shown) plants.
The percentage of protoplasts at t8 that contained MDC-stained structures was determined in protoplasts from epidermal cells of the petal limbs. There were no significant differences in the percentages among WT and ATG8fR plants (55%, 53%, 55%, and 55% in WT, ATG8fR-B1, -C3, and -G2 plants, respectively). This finding suggests that autophagic processes are not suppressed in ATG8fR transgenic plants.
Discussion
Morphological analysis has revealed that autophagy occurs during petal senescence in the common morning glory (Matile and Winkenbach, 1971) and it has long been thought to play an important role in petal senescence. In Japanese morning glory, the gene encoding ATG8 has recently been isolated and shown to have an increased transcript level during petal senescence (Shibuya et al., 2009b; Yamada et al., 2009) . However, ATG8 proteins in other plant species are known to be encoded by multiple genes: nine genes in A. thaliana (Doelling et al., 2002; Hanaoka et al., 2002) , five genes in each rice (Oryza sativa) and maize (Zea mays; Chung et al., 2009), and four genes in soybean flowers every 4 h from t0 to t12. Flower organs and vegetative tissues were collected from mature plants at t4. Each bar represents the mean ± SE from three different samples. pis; pistil, sta; stamen, se; sepal, stm; stem, rt; root, yl; young leaf before full expansion, ml; mature leaf after full expansion, sl; senescent leaf after partial yellowing. Fig. 3 . Expression of InATG8 homologs in petal limbs of WT and ATG8fR-B1, -C3, and G2 plants. Petal limbs were collected from flowers at t8. Each bar represents the mean ± SE from three different samples. Asterisks indicate significant differences at P < 0.01 (**) compared to WT (Tukey-Kramer test). (Glycine max; Htwe et al., 2009) . In this study, we identified six members of the ATG8 gene family, including the previously isolated ATG8 gene in Japanese morning glory. InATG8 proteins share high identities in amino acid sequences with AtATG8 proteins and have a conserved Gly at the carboxyl terminal region, which is required for conjugation to PE on an autophagosome membrane.
Most, if not all, members of the InATG8 gene family were highly expressed in senescing petal limbs. We previously showed that autophagic activities increase in senescing petals of Japanese morning glory by visualizing the autophagic structures with MDC staining (Shibuya et al., 2009b) . These results suggest that high autophagic activity in senescing petals is accompanied by higher expression of InATG8 homologs. The mRNA levels of ATG8 genes have been shown to be higher in petals than in other tissues of A. thaliana, although senescing petals have not been analyzed . We also observed the induced expression of ATG8 homologs in senescing petals of petunia (K. Shibuya and K. Ichimura, unpublished data), implying that autophagy plays a crucial role in petal senescence across plant species. Our data also confirm that the mRNA levels of InATG8 homologs increase during leaf senescence in Japanese morning glory as demonstrated in A. thaliana (Doelling et al., 2002; Yoshimoto et al., 2004) . The regulation of autophagy in petal and leaf senescence may be controlled by a common mechanism.
To determine the function of InATG8 isoforms in petal senescence, we produced transgenic Japanese morning glory plants with reduced InATG8f expression. It has been suggested that InATG8f, which is identical to the previously cloned InATG8 (Yamada et al., 2009) , is involved in the regulation of autophagy in petal senescence (Shibuya et al., 2009b) . Petal senescence in transgenic plants was indistinguishable from that in WT plants and the autophagic activities analyzed by MDC staining in the petals were not altered. We previously reported that reduced InPSR26 expression in transgenic Japanese morning glory plants resulted in reduced autophagic activity (Shibuya et al., 2009b) . In petals of the transgenic plants with reduced InPSR26 expression, expression of all members of the InATG8 gene family, except InATG8c, which is detected at negligible levels in petals, was reduced (K. Shibuya and K. Ichimura, unpublished data) . In ATG8fR transgenic plants, in contrast, only InATG8f expression was suppressed. As multiple members of the InATG8 gene family are expressed in petals and show similar expression patterns during petal senescence, some InATG8 isoforms may have a redundant function in the regulation of autophagy in petal senescence. In A. thaliana roots, in contrast, different members of the AtATG8 gene family show distinct spatial and temporal expression patterns, suggesting that AtATG8 isoforms have non-redundant functions in this organ (Slavikova et al., 2005) . The regulation of autophagy by multiple ATG8 homologs in Japanese morning glory petals may imply an important role of autophagy in petal senescence.
In this study, we identified six ATG8 homologs in Japanese morning glory and showed that the transcript levels of multiple members of the InATG8 gene family increase during petal senescence. These findings indicate that autophagy is induced in petal senescence. Further investigations into the molecular mechanisms underlying petal senescence regulation by autophagy may lead to useful techniques for improving flower longevity.
